Introduction {#acel12405-sec-0001}
============

Rapamycin is an FDA‐approved compound that robustly extends lifespan in yeast, worms, flies, and mice (Johnson *et al*., [2013](#acel12405-bib-0014){ref-type="ref"}). Rapamycin is an acute inhibitor of the mechanistic target of rapamycin (mTOR) complex 1 (mTORC1), a protein kinase which regulates numerous cellular processes including ribosomal biogenesis, protein translation, and autophagy through the phosphorylation of substrates that include S6K1, 4E‐BP1, and Ulk1. Mice lacking *S6K1* or with decreased mTORC1 activity have extended longevity, demonstrating that decreased mTORC1 signaling is sufficient to promote longevity, especially in females (Selman *et al*., [2009](#acel12405-bib-0036){ref-type="ref"}; Lamming *et al*., [2012](#acel12405-bib-0018){ref-type="ref"}; Wu *et al*., [2013](#acel12405-bib-0040){ref-type="ref"}).

Unfortunately, the potential for serious side effects in humans, including immunosuppression and glucose intolerance, may preclude the long‐term prophylactic use of rapamycin as a therapy for age‐related diseases (Lamming *et al*., [2013b](#acel12405-bib-0020){ref-type="ref"}). While investigating the mechanistic basis for the effect of rapamycin on glucose tolerance, we discovered that long‐term treatment with rapamycin also inhibits a second mTOR complex, mTORC2, *in vivo*, resulting in hepatic insulin resistance (Lamming *et al*., [2012](#acel12405-bib-0018){ref-type="ref"}, [2013a](#acel12405-bib-0019){ref-type="ref"}). mTORC2 has also recently been shown to have an important role in promoting immune function, which suggests that the immunosuppressive effects of rapamycin may be due in part to the inhibition of mTORC2 signaling (Powell *et al*., [2012](#acel12405-bib-0032){ref-type="ref"}; Byles *et al*., [2013](#acel12405-bib-0005){ref-type="ref"}; Festuccia *et al*., [2014](#acel12405-bib-0006){ref-type="ref"}). Finally, we recently completed a lifespan study, finding that genetic inhibition of mTORC2 was severely deleterious to survival of male, but not female, mice (Lamming *et al*., [2014b](#acel12405-bib-0022){ref-type="ref"}).

The evidence to date suggests that the inhibition of mTORC1 will promote longevity and retard age‐related diseases, while the inhibition of mTORC2 is likely deleterious to health and impairs glucose homeostasis and the immune system. While rapamycin inhibits both complexes, it is a potent and acute inhibitor of mTORC1, and inhibits mTORC2 signaling only after prolonged treatment (Sarbassov *et al*., [2006](#acel12405-bib-0034){ref-type="ref"}). Interestingly, rapamycin administration for 2 weeks out of every four can significantly extend lifespan (Anisimov *et al*., [2010](#acel12405-bib-0001){ref-type="ref"}, [2011](#acel12405-bib-0002){ref-type="ref"}), demonstrating that rapamycin administration does not have to be continuous to extend lifespan. However, the impact of rapamycin on glucose homeostasis persists for 2 weeks following cessation of rapamycin (Yang *et al*., [2012](#acel12405-bib-0041){ref-type="ref"}; Liu *et al*., [2014](#acel12405-bib-0026){ref-type="ref"}), suggesting that this dosing strategy may not minimize side effects. Glucose intolerance was also observed in a recent study of mice receiving rapamycin three times per week (Leontieva *et al*., [2014](#acel12405-bib-0024){ref-type="ref"}).

In this study, we tested several intermittent rapamycin treatment schedules to identify the most frequent rapamycin dosing schedule that is still compatible with glucose tolerance in C57BL/6J mice. We then compared the impact of daily rapamycin treatment with the impact of the selected intermittent dosing schedule on glucose tolerance, pyruvate tolerance, and *in vivo* and *ex vivo* beta cell function, and examined the impact on T‐cell populations in splenocytes. Importantly, we find that mTORC1 inhibition is sustained in many tissues despite intermittent dosing. Finally, we compared the impact of daily rapamycin treatment on glucose homeostasis and the immune system with the impact of two FDA‐approved rapamycin analogs, everolimus and temsirolimus. Both everolimus and temsirolimus efficiently inhibited mTORC1 signaling, but had a reduced impact on glucose homeostasis compared to rapamycin.

Results {#acel12405-sec-0002}
=======

Intermittent treatment with rapamycin has a reduced effect on glucose tolerance {#acel12405-sec-0003}
-------------------------------------------------------------------------------

We first sought to identify a rapamycin dosing schedule that would selectively inhibit mTORC1 while minimizing deleterious, mTORC2‐mediated effects on glucose metabolism and immune system. We treated 9‐week‐old male C57BL/6J mice for 2 weeks with vehicle or 2 mg/kg rapamycin every day (1×/day) or weekly (1×/7 days), and analyzed the effect on glucose tolerance. We performed a fasting glucose tolerance test 7 days after the most recent rapamycin treatment of the weekly (1×/7 days) group; the effects of chronic rapamycin treatment on glucose tolerance persist for 2 weeks (Yang *et al*., [2012](#acel12405-bib-0041){ref-type="ref"}; Liu *et al*., [2014](#acel12405-bib-0026){ref-type="ref"}).

As expected, we found that daily rapamycin treatment significantly impairs the performance of mice during a glucose tolerance test (GTT), with a 20--116% increase in blood glucose levels at every time point (Fig. [1](#acel12405-fig-0001){ref-type="fig"}A, left), and a 71% increase in total glucose burden over the time course of the assay as measured by area under the curve (AUC) (Fig. [1](#acel12405-fig-0001){ref-type="fig"}A, right). In comparison, weekly rapamycin treatment did not impair glucose tolerance, whether measured at each time point or by AUC (Fig. [1](#acel12405-fig-0001){ref-type="fig"}A). We observed similar results in a GTT performed after 5 weeks of treatment, on the 4th day after the most recent treatment of the weekly (1×/7 days) group (Fig. S1A). In agreement with our previous findings using diet‐delivered rapamycin (Lamming *et al*., [2013a](#acel12405-bib-0019){ref-type="ref"}), neither daily nor weekly rapamycin treatment increased the level of glycated hemoglobin (Fig. S1B).

![Intermittent treatment with rapamycin minimizes glucose intolerance and mTORC2 inhibition. Glucose tolerance test on male C57BL/6J mice (A) treated with vehicle or with 2 mg/kg rapamycin (1×/day or 1×/7 days) for 2 weeks, performed 7 days after the last treatment of the rapamycin 1×/7 days group (D7) \[*n* = 10 vehicle, *n* = 9 1×/day rapamycin, and *n* = 11 1×/7 days rapamycin; for GTT, \**P* \< 0.05, \*\**P* \< 0.0001 vs. all groups, Tukey--Kramer test following two‐way repeated‐measures [anova]{.smallcaps}; for AUC, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. (B) Rapamycin concentration in blood from male C57Bl/6J mice treated with 2 mg/kg rapamycin (1×/day or 1×/7 days) for 8 weeks; blood from 1×/7 days mice was collected 1 day (D1), 3 days (D3), or 7 days (D7) after the more recent rapamycin injection (*n* = 3--6/group; means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05). (C) Western blotting analysis and quantification of phosphorylated S6 (S240/244) and Akt (S473) phosphorylation in skeletal muscle \[*n* = 9 vehicle, 7 1×/day rapamycin, 3 rapamycin 1×/7d D1, 6 rapamycin 1×/7d D3; means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. (D) Glucose tolerance test on mice treated intermittently with either vehicle or with 2 mg/kg rapamycin (1×/3 or 5 days) for 2 weeks, performed 3 days after the last treatment of the rapamycin 1×/3 days group and 5 days after the last treatment of the 1×/5 days group \[*n* = 11/, for GTT, \**P* \< 0.05 rapamycin 1×/3 days vs. rapamycin 1×/5 days, \*\**P* \< 0.02 rapamycin 1×/3 days vs. all groups, Tukey--Kramer test following two‐way repeated‐measures [anova]{.smallcaps}; for AUC, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. (E) Area under the curve for the glucose tolerance tests in Fig. [1](#acel12405-fig-0001){ref-type="fig"}A and [1](#acel12405-fig-0001){ref-type="fig"}D, expressed as percent of the AUC for vehicle‐treated mice in the corresponding experiment (\**P* \< 0.001 vs. vehicle in the corresponding experiment, two‐tailed t‐test). Error bars represent standard error.](ACEL-15-028-g001){#acel12405-fig-0001}

In order to understand how these results related to the pharmacokinetics of rapamycin treatment, we determined the rapamycin content of blood from mice treated either daily or weekly with rapamycin for 8 weeks. Sixteen hours following administration of rapamycin, we observed similar rapamycin levels in mice treated daily with rapamycin (1×/day) and mice treated weekly (1×/7 days) (Fig. [1](#acel12405-fig-0001){ref-type="fig"}B, day 1). As expected, the rapamycin content of blood decreased sharply with time in the weekly treated mice, reaching the detection threshold (1 ng/mL) 7 days after the injection. We calculate that the half‐life of rapamycin in mouse blood is approximately 15 h, with blood levels of rapamycin reaching 4.9 n[m]{.smallcaps} 3 days after injection, a concentration capable of inhibiting mTOR signaling in tissue culture cell lines (Sarbassov *et al*., [2006](#acel12405-bib-0034){ref-type="ref"}). We observed very similar rapamycin kinetics in liver (Fig. S1C).

We analyzed mTOR signaling in the muscles of mice treated with vehicle, daily rapamycin, or weekly rapamycin for 2 months (Fig. [1](#acel12405-fig-0001){ref-type="fig"}C). As we previously reported (Lamming *et al*., [2012](#acel12405-bib-0018){ref-type="ref"}), daily treatment with 2 mg/kg rapamycin efficiently inhibited the phosphorylation of both S6 S240/244, a readout of mTORC1 signaling, and AKT S473, an mTORC2 substrate. Rapamycin was equally efficacious in inhibiting phosphorylation of S6 in mice treated daily with rapamycin as in mice treated weekly (1×/7d) and sacrificed on the day following treatment (D1). We observed a similar effect in liver (Fig. S1D). However, AKT S473 phosphorylation in muscle was only inhibited in mice treated daily with rapamycin (Fig. [1](#acel12405-fig-0001){ref-type="fig"}C). Mice treated weekly with rapamycin but sacrificed on the third day (D3) following treatment had decreased mean phosphorylation of S6 (38% decrease) and AKT (29% decrease), but these results did not reach statistical significance. By 7 days following treatment, we did not observe any inhibition of S6 phosphorylation in either liver or muscle (Fig. S1E).

We proceeded to test the effects of two more frequent rapamycin dosing schedules, rapamycin dosed once every three (1×/3d) or five (1×/5d) days, on glucose tolerance (Fig. [1](#acel12405-fig-0001){ref-type="fig"}D). While rapamycin delivered 1×/3 days significantly impaired glucose tolerance, rapamycin delivered 1×/5 days had no effect on glucose tolerance (Fig. [1](#acel12405-fig-0001){ref-type="fig"}D), or in performance during an insulin tolerance test (Fig. S1F). All of the intermittent dosing regimens had a decreased impact on AUC compared to daily rapamycin treatment (Fig. [1](#acel12405-fig-0001){ref-type="fig"}E). Rapamycin treatment once every 5 days (1×/5 days) had the smallest impact on glucose tolerance, and we therefore selected this dosing schedule for further analysis.

Rapamycin treatment once every 5 days has a decreased impact on glucose homeostasis relative to daily rapamycin {#acel12405-sec-0004}
---------------------------------------------------------------------------------------------------------------

We treated a new cohort of C57BL/6J males with vehicle, rapamycin dosed intermittently once every 5 days (1×/5 days), or rapamycin dosed daily (1×/day) at 2 mg/kg starting at 9 weeks of age. After 3 weeks, we performed a fasting glucose tolerance test on the day immediately following administration of rapamycin to the 1×/5 days mice. We observed no effect of intermittent rapamycin on glucose tolerance, while daily rapamycin treatment caused a robust decrease in glucose tolerance (Fig. [2](#acel12405-fig-0002){ref-type="fig"}A). One treatment cycle later, we performed a pyruvate tolerance test (PTT); pyruvate can be utilized as a substrate for gluconeogenesis by the liver, permitting us to assess hepatic gluconeogenesis (Houde *et al*., [2010](#acel12405-bib-0013){ref-type="ref"}; Lamming *et al*., [2012](#acel12405-bib-0018){ref-type="ref"}). As expected, daily rapamycin treatment induced significant pyruvate intolerance (Fig. [2](#acel12405-fig-0002){ref-type="fig"}B), indicating increased levels of hepatic gluconeogenesis. Mice treated intermittently with rapamycin were also pyruvate intolerant, although the increase in the AUC induced by daily rapamycin treatment was twice that observed in the AUC of mice treated intermittently (Fig. [2](#acel12405-fig-0002){ref-type="fig"}B).

![Reduced impact of intermittent rapamycin administration on glucose homeostasis. (A) Glucose and (B) pyruvate tolerance test on male C57BL/6J mice treated with vehicle or with 2 mg/kg rapamycin (1×/day or 1×/5 days) for 2 or 3 weeks, respectively \[(*n* = 9 per treatment; for GTT/PTT, Tukey--Kramer test following two‐way repeated‐measures [anova]{.smallcaps}, a = *P* \< 0.05 vs. vehicle, b = *P* \< 0.05 vs. rapamycin 1×/5 days; for AUC, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. (C) Fasting and glucose‐stimulated insulin secretion (GSIS) were measured by fasting mice treated for 5 weeks overnight, collecting serum, injecting 1 g/kg glucose, and collecting serum 15 min after injection \[*n* = 9/group (glucose), 4/group (insulin), means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. (D, E) HOMA2‐IR and HOMA2%B were calculated using the fasting insulin data in C and fasting glucose data from the same mice \[*n* = 4/group, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. (F--H) Islets were isolated from vehicle and rapamycin (1×/day or 1×/5 days) mice treated for 8 weeks and were analyzed to determine insulin secretion in response to low (1.7 m[m]{.smallcaps}) and high (16.7 m[m]{.smallcaps}) glucose \[*n* = 6 mice per treatment, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. Error bars represent standard error.](ACEL-15-028-g002){#acel12405-fig-0002}

Chronic rapamycin results in fasting hyperglycemia in both humans and mice (Lamming *et al*., [2013b](#acel12405-bib-0020){ref-type="ref"}). After 5 weeks of treatment, mice treated daily with rapamycin, but not mice treated intermittently, showed fasting hyperglycemia and hyperinsulinemia (Fig. [2](#acel12405-fig-0002){ref-type="fig"}C). We used these measures to calculate insulin resistance and beta cell sensitivity using homeostasis model assessment (HOMA2‐IR) (Levy *et al*., [1998](#acel12405-bib-0025){ref-type="ref"}). The HOMA2‐IR model was derived empirically from human insulin--glucose clamp data, but remains a useful surrogate measure of insulin resistance in mice (Mather, [2009](#acel12405-bib-0030){ref-type="ref"}). Mice treated daily with rapamycin had a significantly higher HOMA2‐IR value than mice treated intermittently with rapamycin or mice treated with vehicle (Fig. [2](#acel12405-fig-0002){ref-type="fig"}D).

We observed a trend toward decreased beta cell function (HOMA2%B, a surrogate measurement of beta cell function) in mice treated daily with rapamycin (Fig. [2](#acel12405-fig-0002){ref-type="fig"}E), although this was not statistically significant. With significant evidence that rapamycin impairs beta cell function (Barlow *et al*., [2013](#acel12405-bib-0004){ref-type="ref"}), we decided to investigate the impact of rapamycin dosing on islet function more closely. We isolated pancreatic islets from mice after 8 weeks of rapamycin treatment and performed an *ex vivo* glucose‐stimulated insulin secretion assay (Kimple *et al*., [2013](#acel12405-bib-0015){ref-type="ref"}) (Fig. [2](#acel12405-fig-0002){ref-type="fig"}F--H). Islets from mice treated daily with rapamycin secreted significantly less insulin into the media than mice treated with vehicle or intermittently treated with rapamycin (Fig. [2](#acel12405-fig-0002){ref-type="fig"}F), and we also observed a slight reduction in insulin content in these islets (Fig. [2](#acel12405-fig-0002){ref-type="fig"}G). When we calculated the percentage of insulin secreted, we found that islets from mice treated daily with rapamycin were significantly less responsive to glucose stimulation than islets from vehicle‐treated mice (Fig. [2](#acel12405-fig-0002){ref-type="fig"}H). Intermittent treatment with rapamycin had little to no effect on secreted insulin, islet insulin content, or the percent insulin secreted in response to glucose stimulation, demonstrating that beta cell function is maintained in mice treated intermittently with rapamycin.

Impact of intermittent rapamycin treatment on mTOR signaling and testes weight {#acel12405-sec-0005}
------------------------------------------------------------------------------

We analyzed mTOR signaling in several tissues from the same mice used for *ex vivo* islet analysis. After 8 weeks of receiving vehicle, intermittent (1×/5 days) rapamycin, or daily rapamycin, mice were sacrificed on 'day 5' (D5)---5 days following the last administration of rapamycin to the intermittent treatment group---in order to determine whether mTOR inhibition persists between treatments. We observed a significant decrease in the phosphorylation of S6 in the muscle, liver, heart, and pancreatic islets of mice receiving daily rapamycin, but no change in S6 phosphorylation in the D5 intermittent treatment group (Fig. [3](#acel12405-fig-0003){ref-type="fig"}A and Fig. S2A--C), although there was a clear trend toward reduced S6 phosphorylation in pancreatic islets isolated from the D5 intermittent treatment group (Fig. S2C). Similarly, we observed decreased AKT S473 phosphorylation in muscle of the daily rapamycin treatment group, but not the intermittent treatment group (Fig. [3](#acel12405-fig-0003){ref-type="fig"}A). Adipose tissue was unique in that we observed a sustained effect of intermittent rapamycin on S6 phosphorylation even on 'day 5' that was equivalent to that observed in daily rapamycin (Fig. [3](#acel12405-fig-0003){ref-type="fig"}B).

![Sustained impact of intermittent rapamycin on adipose mTORC1 and testes weight. (A) Muscle lysate and (B) adipose tissue lysate were analyzed by Western blotting, and the phosphorylation of S6 240/244 and AKT S473 relative to their respective total protein was quantified. Tissues were collected from mice treated with vehicle or rapamycin (1×/day or 1×/5 days) for 8 weeks, with the tissue collection scheduled such that the intermittent rapamycin treatment group was sacrificed 5 days after the previous rapamycin injection. Mice were fasted overnight and sacrificed following stimulation with 0.75 U/kg insulin for 15 min. Islets were isolated as described prior to tissue collection \[*n* = 5--9 per treatment, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. (C) The testes of mice in each treatment group were weighed \[*n* = 9 per group, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. Error bars represent standard error.](ACEL-15-028-g003){#acel12405-fig-0003}

Analysis of mTOR signaling in harvested tissue is informative, but ideally we would be able to measure average mTOR activity over time rather than the precise activity at a single time point. A well‐known side effect of rapamycin treatment in humans and mice is testicular degeneration (Wilkinson *et al*., [2012](#acel12405-bib-0039){ref-type="ref"}), and we observed that both the intermittent rapamycin and daily rapamycin treatment regimens significantly decreased testes mass (Fig. [3](#acel12405-fig-0003){ref-type="fig"}C). Daily rapamycin decreased testes weight by approximately 75%, while the intermittent (1×/5 days) rapamycin regimen decreased testes weight by almost 60%.

Rapamycin delivered once every 5 days has a reduced impact on the immune system {#acel12405-sec-0006}
-------------------------------------------------------------------------------

The immunosuppressive effects of rapamycin are a potential barrier to widespread use of rapamycin as a therapy for age‐related diseases (Lamming *et al*., [2013b](#acel12405-bib-0020){ref-type="ref"}), although the dosing strategy utilized may be of major importance. The true impact of rapamycin on the immune system is still unclear, and rapamycin may not be generally immunosuppressive---indeed, rapamycin treatment improves survival in mouse models of infection (Hinojosa *et al*., [2012](#acel12405-bib-0012){ref-type="ref"}; Hasty *et al*., [2014](#acel12405-bib-0011){ref-type="ref"}) and improves the response to vaccines in both nonhuman primates (Turner *et al*., [2011](#acel12405-bib-0038){ref-type="ref"}) and elderly humans (Mannick *et al*., [2014](#acel12405-bib-0029){ref-type="ref"}). However, in addition to a reported increase in viral and fungal infections in humans taking rapamycin (Mahe *et al*., [2005](#acel12405-bib-0027){ref-type="ref"}), even short‐term low‐dose rapamycin decreases defense against bacterial and viral pathogens in mice (Goldberg *et al*., [2014](#acel12405-bib-0009){ref-type="ref"}). While not attempting to resolve this important question, we decided to compare the impact of daily rapamycin to our intermittent treatment regimen.

We isolated splenocytes from the mice during the tissue and islet harvesting experiments described above and analyzed the splenocyte population using flow cytometry. Both the intermittent and daily rapamycin treatment regimens had a significant impact upon immune cell numbers, with daily rapamycin treatment impacting T‐cell numbers more than the intermittent rapamycin treatment regimen (Fig. [4](#acel12405-fig-0004){ref-type="fig"}A). This effect was observed on both CD3^+^CD4^+^ cells (Fig. [4](#acel12405-fig-0004){ref-type="fig"}B) and CD3^+^CD8^+^ T cells (Fig. S3A). It has previously been reported that rapamycin treatment of mice results in a decrease in blood T regulatory cells (Tregs), defined as CD3^+^CD4^+^CD25^+^Foxp3^+^ (Makki *et al*., [2014](#acel12405-bib-0028){ref-type="ref"}), and we observed a similar effect of daily rapamycin treatment upon Tregs isolated from the spleen (Fig. [4](#acel12405-fig-0004){ref-type="fig"}C). Interesting, while daily rapamycin induces an almost 60% decrease in Tregs, intermittent rapamycin treatment resulted in only a 25% decrease (Fig. [4](#acel12405-fig-0004){ref-type="fig"}C). Similarly, intermittent rapamycin had reduced impact on the frequency of CD25^−^ Tregs (Fig. [4](#acel12405-fig-0004){ref-type="fig"}D), which may constitute a reservoir of committed regulatory cells (Zelenay *et al*., [2005](#acel12405-bib-0042){ref-type="ref"}) and have been shown to have similar biological function to CD25^+^ Tregs (Fontenot *et al*., [2005](#acel12405-bib-0007){ref-type="ref"}). We observed a similar greater impact of daily rapamycin treatment on CD8^+^ cells expressing Foxp3 (Fig. S3B,C), which also function as regulatory cells (Tang *et al*., [2005](#acel12405-bib-0037){ref-type="ref"}).

![Intermittent rapamycin treatment has a reduced but significant impact on the immune system. (A--H) Flow cytometry analysis (expressed as percent of total live cells) of splenocytes from male C57BL/6J mice treated with vehicle or rapamycin (1×/day or 1×/5 days) for 8 weeks (*n* = 6--8 mice/group, ^\#^ *P* \< 0.052,\**P* \< 0.05, \*\**P* \< 0.0005, Tukey--Kramer test following one‐way [anova]{.smallcaps}). Error bars represent standard error.](ACEL-15-028-g004){#acel12405-fig-0004}

mTORC2‐deficient T cells have decreased activation‐induced binding to ICAM‐1, a key step in the immune response (Lee *et al*., [2010](#acel12405-bib-0023){ref-type="ref"}). The interaction of T cells with ICAM‐1 is mediated by the integrin lymphocyte function‐associated antigen 1 (LFA1), which consists of two subunits, Cd11a and Cd11b. We therefore examined the relative impact of intermittent and daily rapamycin on the expression of Cd11a by CD25^+^ Tregs (Fig. [4](#acel12405-fig-0004){ref-type="fig"}E), CD25^−^ Tregs (Fig. [4](#acel12405-fig-0004){ref-type="fig"}F), and cells lacking Foxp3 expression (Fig. [4](#acel12405-fig-0004){ref-type="fig"}G‐H). In both CD25^+^ and CD25^−^ Tregs, and also in CD3^+^CD4^+^CD25^−^Foxp3^−^ cells, daily rapamycin treatment reduced the number of Cd11a^+^ T cells by 60--80%, with the intermittent rapamycin treatment regimen having a significantly reduced impact.

Daily everolimus or temsirolimus treatment has a reduced impact on glucose and pyruvate tolerance compared to daily sirolimus {#acel12405-sec-0007}
-----------------------------------------------------------------------------------------------------------------------------

Since the initial discovery of rapamycin, several rapamycin analogs (rapalogs) have been developed to improve the pharmacokinetics of rapamycin (sirolimus/Rapamune). The most widely used are everolimus and temsirolimus, which are both FDA‐approved for specific types of cancer and are in numerous clinical trials. While comparing side effects across clinical trials is difficult, it has been suggested that the side effect profiles of rapalogs in humans may differ (Sankhala *et al*., [2009](#acel12405-bib-0033){ref-type="ref"}). We therefore decided to compare the effect of daily dosing of 2 mg/kg rapamycin (sirolimus/Rapamune) to daily dosing of equimolar quantities of everolimus and temsirolimus (Figure [5](#acel12405-fig-0005){ref-type="fig"}). These experiments were conducted in parallel with the experiments conducted in Figures [2](#acel12405-fig-0002){ref-type="fig"}, [3](#acel12405-fig-0003){ref-type="fig"}, [4](#acel12405-fig-0004){ref-type="fig"}, and the vehicle and daily (rapamycin 1×/day) data are duplicated for ease of comparison.

![Rapamycin analogs efficiently inhibit mTORC1 but show a reduced impact on glucose homeostasis and the immune system. (A) Glucose and (B) pyruvate tolerance tests on male C57BL/6J mice treated with vehicle or with 2 mg/kg rapamycin (1×/day) or equimolar amounts of everolimus or temsirolimus for 2 or 3 weeks, respectively \[*n* = 9 per treatment; for GTT/PTT, Tukey--Kramer test following two‐way repeated‐measures [anova]{.smallcaps}, a = *P* \< 0.05 vehicle vs. all groups, b = *P* \< 0.05 rapamycin vs. everolimus, c = *P* \< 0.05 rapamycin vs. temsirolimus. For AUC, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. (C) Fasting and glucose‐stimulated insulin secretion (GSIS) were measured by fasting mice treated for 5 weeks overnight, collecting serum, injecting 1 g/kg glucose, and collecting serum 15 min after injection. \[*n* = 9/group (glucose), 4/group (insulin), \# *P* ≤ 0.08 vs. vehicle, \**P* ≤ 0.05 vs. vehicle, Dunnett\'s test following one‐way [anova]{.smallcaps})\]. (D) Muscle lysate was analyzed by Western blotting and the phosphorylation of S6 240/244 and AKT S473 relative to their respective total protein was quantified \[*n* = 5--6 per treatment; means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. (E) The testes of mice in each treatment group were weighed \[*n* = 9/group, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. (F--I) Flow cytometry analysis (expressed as percent of total live cells) on splenocytes isolated from each treatment group \[*n* = 3--8 mice/group, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. The experiments presented here were conducted in parallel with the experiment presented in Figs [2](#acel12405-fig-0002){ref-type="fig"}, [3](#acel12405-fig-0003){ref-type="fig"}, [4](#acel12405-fig-0004){ref-type="fig"}, and the vehicle and daily (rapamycin 1×/day) data are duplicated here for ease of comparison. Error bars represent standard error.](ACEL-15-028-g005){#acel12405-fig-0005}

We performed glucose (Fig. [5](#acel12405-fig-0005){ref-type="fig"}A) and pyruvate (Fig. [5](#acel12405-fig-0005){ref-type="fig"}B) tolerance tests on everolimus‐ and temsirolimus‐treated mice and assessed fasting and glucose‐stimulated glucose and insulin levels (Fig. [5](#acel12405-fig-0005){ref-type="fig"}C). Despite the very similar effects of daily rapamycin, everolimus, and temsirolimus on fasting blood glucose (Fig. [5](#acel12405-fig-0005){ref-type="fig"}C), everolimus and temsirolimus both had a reduced impact on glucose tolerance compared to daily rapamycin (Fig. [5](#acel12405-fig-0005){ref-type="fig"}A). A similar effect was observed with respect to pyruvate tolerance, with everolimus having 40% less impact than rapamycin on AUC (Fig. [5](#acel12405-fig-0005){ref-type="fig"}B). With regard to fasting and glucose‐stimulated glucose and insulin levels, daily treatment with all three rapalogs showed similar effects (Fig. [5](#acel12405-fig-0005){ref-type="fig"}C). We likewise calculated HOMA2‐IR and found similar effects of all three rapalogs on HOMA2‐IR, %S, and %B (Fig. S4A--C).

We wondered whether the reduced effect of the rapamycin analogs on glucose and pyruvate tolerance was correlated with reduced inhibition of mTOR signaling, and we analyzed the impact of the three rapalogs on S6 and AKT S473 phosphorylation. In muscle, liver, adipose, and heart tissue, we found that all three rapalogs were equally efficacious in inhibiting S6 phosphorylation (Fig. [5](#acel12405-fig-0005){ref-type="fig"}D and S5A--C). Interestingly, while daily rapamycin and temsirolimus inhibited AKT S473 phosphorylation in muscle (Fig. [5](#acel12405-fig-0005){ref-type="fig"}D), everolimus had no significant effect. All three rapalogs significantly reduced testes weight, although the testes of everolimus‐treated mice were slightly heavier than those from rapamycin‐treated mice (Fig. [5](#acel12405-fig-0005){ref-type="fig"}E), and were equivalent in weight to testes from mice treated 1×/5 days with rapamycin (Fig. [3](#acel12405-fig-0003){ref-type="fig"}C).

Finally, we analyzed the relative impact on immune cells of the three rapalogs. All three rapalogs showed a significant impact on the T‐cell populations analyzed, including total CD3^+^ cell (Fig. [5](#acel12405-fig-0005){ref-type="fig"}F), CD3^+^CD4^+^ cells (Fig. [5](#acel12405-fig-0005){ref-type="fig"}G), Tregs (Fig. [5](#acel12405-fig-0005){ref-type="fig"}H), and Tregs expressing CD11a (Fig. [5](#acel12405-fig-0005){ref-type="fig"}I). Similar effects were observed on the CD8^+^ population, including those expressing Foxp3, and on other CD3^+^CD4^+^ cells populations expressing Cd11a (Fig. S6). Everolimus showed a slightly reduced impact on Tregs expressing Cd11a relative to both sirolimus and temsirolimus (Fig. [5](#acel12405-fig-0005){ref-type="fig"}I).

Discussion {#acel12405-sec-0008}
==========

The extensive side effect profile of rapamycin in humans may be a significant challenge to the potential use of rapamycin for age‐related diseases. This is especially true if rapamycin needs to be taken continuously as a prophylactic measure. If rapamycin could be used intermittently, some of these effects might be avoided. Several experiments have explored the use of 'intermittent' rapamycin; while these experiments have increased mice lifespan, the dosing schedules used (e.g., 2 weeks on rapamycin followed by a 2‐week drug holiday) are, based on previous work from many laboratories and our present results, long enough to significantly impair metabolism and immunity throughout the treatment interval as well as during the drug holiday period (Anisimov *et al*., [2010](#acel12405-bib-0001){ref-type="ref"}, [2011](#acel12405-bib-0002){ref-type="ref"}).

Here, we instead utilized an intermittent treatment regimen with single doses of rapamycin separated by a relatively short time interval that we have experimentally determined minimizes the effect of rapamycin on glucose tolerance. We found that rapamycin remains in the blood at detectable levels for at least 3 days and that dosing mice with rapamycin once every 5 days has no significant impact on glucose tolerance (Fig. [1](#acel12405-fig-0001){ref-type="fig"}). In contrast to daily rapamycin administration, which caused fasting hyperglycemia and hyperinsulinemia and impaired glucose‐stimulated insulin secretion (GSIS) from beta cells, intermittent (1×/5 days) rapamycin treatment did not impact fasting glucose and insulin levels, and had a minimal impact on GSIS (Fig. [2](#acel12405-fig-0002){ref-type="fig"}). A reduced but still significant impact of intermittent rapamycin on T cells was also observed (Fig. [4](#acel12405-fig-0004){ref-type="fig"}). As mTORC2 in T cells may be extremely sensitive to rapamycin (Powell *et al*., [2012](#acel12405-bib-0032){ref-type="ref"}), it is not clear whether this remaining impact on the immune system is primarily the result of mTORC1 inhibition, or also reflects residual inhibition of mTORC2.

Surprisingly, while intermittent rapamycin administration had no impact on glucose tolerance (Fig. [2](#acel12405-fig-0002){ref-type="fig"}A), it had a significant effect on pyruvate tolerance (Fig. [2](#acel12405-fig-0002){ref-type="fig"}B), indicating increased hepatic gluconeogenesis. The different outcomes of these two tests were unexpected, as we have previously observed that chronic rapamycin treatment induces both glucose and pyruvate intolerance due to increased hepatic gluconeogenesis and hepatic insulin resistance (Lamming *et al*., [2012](#acel12405-bib-0018){ref-type="ref"}, [2013a](#acel12405-bib-0019){ref-type="ref"}). Rictor is an essential protein component of mTORC2, and we showed that the effects of rapamycin on hepatic insulin resistance are mediated by disruption of mTORC2 utilizing a whole‐body tamoxifen‐inducible *Rictor* knockout mouse (Lamming *et al*., [2012](#acel12405-bib-0018){ref-type="ref"}).

As *Rictor* was deleted throughout the body of the mice in this study, the site (or sites) of rapamycin action on mTORC2 that mediates these glycemic phenotypes is not clear. Although tissue‐specific deletion of *Rictor* in liver is sufficient to cause hepatic insulin resistance, this is also a feature of mice lacking *Rictor* in adipose tissue, and mice lacking *Rictor* in skeletal muscle or pancreatic beta cells also have impaired glucose tolerance (Kumar *et al*., [2008](#acel12405-bib-0016){ref-type="ref"}, [2010](#acel12405-bib-0017){ref-type="ref"}; Gu *et al*., [2011](#acel12405-bib-0010){ref-type="ref"}; Lamming *et al*., [2012](#acel12405-bib-0018){ref-type="ref"}, [2014a](#acel12405-bib-0021){ref-type="ref"}). Inhibition of mTORC2 in multiple tissues may contribute to the organismal phenotype of mice chronically treated with rapamycin, and the distinct effects of chronic and intermittent rapamycin on glucose tolerance may be due to chronic and intermittent rapamycin impairing mTORC2 in distinct sets of tissues. A full mechanistic explanation of this effect will likely require the development of additional mouse models.

Consistent with its effects on glucose homeostasis, chronic rapamycin treatment can disrupt mTORC2 signaling in liver, skeletal muscle, and adipose tissues as well as many others (Lamming *et al*., [2012](#acel12405-bib-0018){ref-type="ref"}; Schreiber *et al*., [2015](#acel12405-bib-0035){ref-type="ref"}). Interestingly, in the present study, we observe decreased AKT S473 phosphorylation in the skeletal muscle of mice treated daily with rapamycin (Fig. [3](#acel12405-fig-0003){ref-type="fig"}A), but not in adipose tissue (Fig. [3](#acel12405-fig-0003){ref-type="fig"}B) or liver (Fig. S2A). The effect of chronic rapamycin treatment on AKT S473 phosphorylation can be difficult to observe and is time sensitive (Schreiber *et al*., [2015](#acel12405-bib-0035){ref-type="ref"}), and so we may have only observed this effect in skeletal muscle due to the time point utilized. The impact of chronic rapamycin on AKT S473 phosphorylation is also influenced by diet (Liu *et al*., [2014](#acel12405-bib-0026){ref-type="ref"}). The current study utilized a different chow (LabDiet 5001) than we utilized in our previous studies (ProLab RMH 3000), yet the phenotypes of rapamycin‐treated mice were identical. One possible interpretation of our current results is that the inhibition of mTORC2 in skeletal muscle and/or specific other extra‐hepatic tissues is sufficient to inhibit hepatic insulin sensitivity. Alternatively, the effect of chronic rapamycin treatment in the liver may be independent of AKT, and mediated by other hepatic substrates of mTORC2 such as SGK (Lamming *et al*., [2014a](#acel12405-bib-0021){ref-type="ref"}). Further studies will be required to distinguish between these distinct possibilities.

As we anticipated following our preliminary experiments, our intermittent rapamycin regimen does not continuously inhibit mTORC1 throughout the 5‐day period in mouse tissues (Fig. [3](#acel12405-fig-0003){ref-type="fig"}). Fascinatingly, in adipose tissue (Fig. [3](#acel12405-fig-0003){ref-type="fig"}B), we observed that S6 phosphorylation was strongly inhibited even on day 5 (D5). We theorize that as rapamycin is highly lipophilic, its residence in fat tissue may be prolonged. The prolonged inhibition of mTORC1 signaling in adipose tissue may have significant implications for the treatment of obesity and diabetes, and may partially explain a recent report demonstrating beneficial effects of weekly rapamycin administration to mice on a high‐fat diet (Leontieva *et al*., [2014](#acel12405-bib-0024){ref-type="ref"}).

We measured testes weight as a convenient method of assessing the time‐integrated impact of rapamycin on mTOR signaling. Daily rapamycin reduced testes weight by almost 80%, while intermittent dosing of rapamycin reduced testes weight by almost 60% (Fig. [3](#acel12405-fig-0003){ref-type="fig"}C). While there is a clear difference between the effects of the two rapamycin dosing schedules on testes weight, these dramatic results demonstrate the sustained biological impact of intermittent rapamycin. Testes weight is closely correlated with sperm production in mammals (Moller, [1989](#acel12405-bib-0031){ref-type="ref"}), and the recently demonstrated requirement for mTORC1 activity in spermatogenesis (Baker *et al*., [2014](#acel12405-bib-0003){ref-type="ref"}) leads us to hypothesize that the effects of intermittent rapamycin treatment on testes weight may primarily result from mTORC1 inhibition.

Several different rapamycin analogs (rapalogs) have been approved by the FDA. These rapalogs, which include everolimus and temsirolimus, were developed in part to improve the pharmacokinetics of sirolimus. For example, everolimus has an approximately 50% shorter blood half‐life than sirolimus in humans (Formica *et al*., [2004](#acel12405-bib-0008){ref-type="ref"}), while *in vitro* sirolimus has a slightly lower IC~50~ against mTORC1 (Lamming *et al*., [2013b](#acel12405-bib-0020){ref-type="ref"}). While comparing side effects across clinical trials is difficult, it has been suggested that the side effect profiles of rapalogs in humans may differ (Sankhala *et al*., [2009](#acel12405-bib-0033){ref-type="ref"}). We hypothesized that the altered pharmacokinetics of everolimus and temsirolimus might lead to reduced inhibition of mTORC2 and therefore a reduction in undesirable side effects.

Notably, we observed a significantly decreased impact of everolimus and temsirolimus on both glucose and pyruvate tolerance, despite the similar effects of all three rapalogs on blood glucose and insulin levels (Fig. [5](#acel12405-fig-0005){ref-type="fig"}). Importantly, all three compounds were equally efficacious in inhibiting mTORC1 activity in all of the tissues examined (Figs. [5](#acel12405-fig-0005){ref-type="fig"}D and S5). Everolimus showed a slightly decreased impact compared to rapamycin with regard to splenocyte Cd11a^+^ Tregs and testes weight. We conclude that at least in mice, everolimus and temsirolimus efficiently inhibit mTORC1 while having a reduced impact on glucose homeostasis relative to rapamycin. The impact of this difference on the metabolic effects of rapalogs in humans remains to be determined. While the efficacy of everolimus and temsirolimus at extending lifespan and healthspan has not yet been tested, our prediction from this data is that it will be at least as effective, and possibly more so, than sirolimus. It is perhaps fortuitous that the first human trials of rapalogs for age‐related conditions have utilized everolimus (Mannick *et al*., [2014](#acel12405-bib-0029){ref-type="ref"}).

Our research here has investigated the possibility that the therapeutic window of rapamycin for age‐related diseases could be expanded through the use of either an intermittent rapamycin dosing schedule or FDA‐approved rapamycin analogs. With regard to the limited set of side effects examined here---notably the adverse effects on glucose homeostasis and immune cell population---we have shown that intermittent administration of rapamycin or the daily administration of rapalogs can efficiently inhibit mTORC1 signaling with reduced negative side effects compared to daily administration of rapamycin. While important unanswered questions remain, including the impact of these strategies on other rapamycin‐associated side effects and the ability of these strategies to delay age‐related diseases, our results suggest that a carefully designed dosing strategy, possibly using a rapalog such as everolimus or temsirolimus, may enable the translation of rapamycin‐based therapies to the clinic while minimizing side effects.

Experimental procedures {#acel12405-sec-0009}
=======================

Materials {#acel12405-sec-0010}
---------

For Western blotting, antibodies to phospho‐Akt S473 (4060), Akt (4691), phospho‐S6 ribosomal protein (2215), and S6 ribosomal protein (2217) were from Cell Signaling Technology. For flow cytometery, antibodies to CD4 (75‐0041‐U025) and CD8 (80‐0081‐U025) were from Tonbo, antibodies to CD25 (47‐0251‐80) and Foxp3 (25‐5773‐82) were from eBioscience, and antibodies to CD11a (562809) and CD3 (562332) were from BD. Protease and phosphatase inhibitor cocktail tablets were from Fisher. Other chemicals were purchased from Sigma unless noted. Glucose measurements were performed using a Bayer Contour blood glucose meter and test strips. Mouse HbA1c and Mouse insulin ELISA kits were purchased from Crystal Chem, Downers Grove, IL. Rapamycin (sirolimus), everolimus, and temsirolimus were purchased from LC Laboratories. Monoclonal insulin/proinsulin (10R‐I136a) and biotin‐conjugated (61R‐I136bBT) antibodies for islet ELISAs were purchased from Fitzgerald.

Immunoblotting {#acel12405-sec-0011}
--------------

Cells and tissue samples were lysed in cold RIPA buffer supplemented with phosphatase inhibitor and protease inhibitor cocktail tablets. Tissues were lysed in RIPA buffer as previously described (Lamming *et al*., [2012](#acel12405-bib-0018){ref-type="ref"}) using a FastPrep 24 (M.P. Biomedicals) with bead‐beating tubes and ceramic beads (Mo‐Bio Laboratories, Carlsbad, CA), and then centrifuged. Protein concentration was determined by Bradford (Pierce Biotechnology, Rockford, IL). Twenty microgram of protein was separated by sodium dodecylsulfate--polyacrylamide gel electrophoresis (SDS‐PAGE) on 10% resolving gels (Thermo Fisher Scientific, Waltham, MA). Imaging was performed using a GE ImageQuant LAS 4000 imaging station. Quantification was performed by densitometry using NIH ImageJ software.

Animals and treatments {#acel12405-sec-0012}
----------------------

Animal studies were approved by the Institutional Animal Care and Use Committee of the University of Wisconsin‐Madison and the William S. Middleton Memorial Veterans Hospital, Madison WI. C57BL/6J mice were purchased from The Jackson Laboratory at 8--9 weeks of age, and rapamycin/rapamycin analog treatment was begun at 10 weeks of age. Glucose, insulin, and pyruvate tolerance tests were performed by fasting the mice overnight for 16 h and then injecting either glucose (1 g/kg), insulin (0.75 U/kg), or pyruvate (2 g/kg) intraperitoneally. Glucose measurements were performed using a Bayer Contour blood glucose meter and test strips.

Rapamycin (2 mg/kg) and equimolar quantities of rapamycin analogs (2.1 mg/kg everolimus and 2.25 mg/kg temsirolimus) were dissolved in ethanol and diluted in vehicle (5% Tween‐80, 5% PEG‐40) prior to intraperitoneal injection. Mice were typically injected between 3 and 5 pm, and prior to tolerance tests, any injections were performed immediately prior to commencement of the overnight fast.

Nomenclature for intermittent treatments with rapamycin: Day 1 (D1) refers to mice analyzed or sacrificed which were treated with rapamycin the previous afternoon, and Day 3 (D3), to mice analyzed or sacrificed 3 days after the most recent rapamycin treatment; similarly for Day 5 (D5) and Day 7 (D7). All mice were analyzed or sacrificed between 8 am and 12 pm.

Rapamycin quantification, islet isolation and *ex vivo* glucose‐stimulated insulin secretion (GSIS) assay, and splenocyte preparation {#acel12405-sec-0013}
-------------------------------------------------------------------------------------------------------------------------------------

See supplemental methods.

Statistics {#acel12405-sec-0014}
----------

Statistical analysis was conducted using [prism]{.smallcaps} 6 (GraphPad Software, San Diego, CA). Glucose, insulin, and pyruvate tolerance tests were analyzed with two‐way repeated‐measures [anova]{.smallcaps} followed by a Tukey--Kramer post hoc test. Area under the curves calculated from tolerance tests, and all other comparisons of three or more means, was analyzed by one‐way [anova]{.smallcaps} followed by a Dunnett\'s or Tukey--Kramer post hoc test as appropriate.
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**Figure S1** Impact of weekly rapamycin on glucose homeostasis and mTORC1 activity in the liver. A) Glucose tolerance test on male C57BL/6J mice treated with vehicle or with 2 mg/kg rapamycin (1×/day or 1×/7 days) for 5 weeks, tested 4 days (D4) after the most recent injection of the Rapamycin 1×/7 days group \[*n* = 10 vehicle, *n* = 9 Rapamycin 1×/day, and *n* = 11 Rapamycin 1×/7 days rapamycin; for GTT, \**P* \< 0.05, \*\**P* \< 0.0001 vs. all groups, Tukey‐Kramer test following two‐way repeated‐measures [anova]{.smallcaps}; for AUC, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps}, p \< 0.05)\]. B) HbA1c was assayed from the whole blood of mice treated with vehicle or with 2 mg/kg rapamycin (1×/day or 1×/7 days). C) Rapamycin concentration in liver from male C57Bl/6J mice treated with 2 mg/kg rapamycin (1×/day or 1×/7 days) for 8 weeks; blood from 1×/7 days mice was collected 1 day (D1), 3 days (D3) or 7 days (D7) after the more recent rapamycin injection (*n* = 3‐6/group; a  =  *P* \< 0.05 vs. 1×/7 days D1; b  =  *P* \< 0.05 vs. 1×/day daily rapamycin mice; c = *P* \< 0.05 vs. 1×/7 days D3; two‐tailed *t*‐test). (D) Western blotting analysis and quantification of phosphorylated S6 (Ser 240/244) in liver \[*n* = 9 vehicle, 7 1×/day rapamycin, 3 rapamycin 1×/7days D1, 6 rapamycin 1×/7days D3; means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. (E) Western blotting analysis and quantification of phosphorylated S6 (Ser 240/244) in liver and muscle \[*n* = 7 per group, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. F) Insulin tolerance test on mice treated intermittently with either vehicle or with 2 mg/kg rapamycin (1×/3 or 5 days) for 2 weeks \[*n* = 10 mice/group, \* = *P* \< 0.05, Tukey‐Kramer test following two‐way repeated‐measures [anova]{.smallcaps}; for AUC, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. Error bars represent standard error.

###### 

Click here for additional data file.

###### 

**Figure S2** Impact of intermittent rapamycin on liver and heart. A) Liver lysate, B) Heart tissue lysate and C) Pancreatic islet lysate was analyzed by western blotting and the phosphorylation of S6 240/244 and AKT S473 relative to their respective total protein was quantified. Tissues were collected from mice treated with vehicle or rapamycin (1×/day or 1×/5 days) for 8 weeks, with the tissue collection scheduled such that the intermittent rapamycin treatment group was sacrificed 5 days after the previous rapamycin injection. Mice were fasted overnight and sacrificed following stimulation with 0.75 U/kg insulin for 15 min. Islets were isolated as described prior to tissue collection \[*n* = 4--9/group, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. Error bars represent standard error.

###### 

Click here for additional data file.

###### 

**Figure S3** Intermittent rapamycin treatment has a reduced but significant impact on the immune system. A‐H) Flow cytometry analysis (expressed as percent of total live cells) of CD8^+^ splenocytes from male C57BL/6J mice treated with vehicle or rapamycin (1×/day or 1×/5 days) for 8 weeks (*n* = 6--8 mice/group, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05). Error bars represent standard error.

###### 

Click here for additional data file.

###### 

**Figure S4** Impact of rapalogs on insulin resistance. A‐C) HOMA2‐IR and HOMA2%B was calculated using the fasting insulin data in Figure [5](#acel12405-fig-0005){ref-type="fig"}C and fasting glucose data from the same mice (*n* = 4/group, \# = *P* ≤ 0.08 vs. vehicle, \* = *P* ≤ 0.05 vs. vehicle, Dunnett\'s test following one‐way [anova]{.smallcaps}). The experiments presented here were conducted in parallel with the experiment presented in Figure [2](#acel12405-fig-0002){ref-type="fig"}, and the vehicle and daily (Rapamycin 1×/day) data is duplicated here for ease of comparison. Error bars represent standard error.
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Click here for additional data file.
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**Figure S5** Impact of rapamycin analogs on mTOR signaling in liver, adipose and heart. A‐C) Liver, adipose and heart lysate was analyzed by western blotting and the phosphorylation of S6 240/244 and AKT S473 relative to their respective total protein was quantified \[*n* = 4--9/group, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. Error bars represent standard error.

###### 

Click here for additional data file.

###### 

**Figure S6** Impact of rapamycin analogs on splenocyte populations. Flow cytometry analysis (expressed as percent of total live cells) on splenocytes isolated from each treatment group \[*n* = 3--8 mice/group, means with the same letter are not significantly different from each other (Tukey--Kramer test following one‐way [anova]{.smallcaps},*P* \< 0.05)\]. The experiments presented here were conducted in parallel with the experiment presented in Figures [4](#acel12405-fig-0004){ref-type="fig"} and S3, and the vehicle and daily (Rapamycin 1×/day) data is duplicated here for ease of comparison. Error bars represent standard error.
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Click here for additional data file.
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Click here for additional data file.
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